The dopamine transporter (DAT) reversibly transports dopamine (DA) through a series of conformational transitions. Alanine (T62A) or aspartate (T62D) mutagenesis of Thr62 revealed T62D-human (h)DAT partitions in a predominately efflux-preferring conformation. Compared with wild-type (WT), T62D-hDAT exhibits reduced [
Introduction
The dopamine transporter (DAT) has a critical role in the regulation of dopamine (DA) neurotransmission because of its primary function of taking released DA from the extracellular space back into the presynaptic nerve terminal. DAT is additionally the site of action for therapeutic and abused psychostimulants such as methylphenidate, amphetamine (AMPH), and cocaine (Levi and Raiteri, 1993; Leviel, 2011) . AMPH is a competitive DAT substrate that, upon translocation into the terminal, is reported to release DA from synaptic vesicles, induce reverse transport, and subsequently increase extracellular DA (Sulzer et al., 2005) .
The DAT is a member of the SLC6 family of transporters that require sodium and chloride ions for substrate translocation. The electrochemical gradient of Na 1 provides the energy required to move substrate through the transporter against its concentration gradient (Chen et al., 2004b; Hahn and Blakely, 2007) . The alternate access model is the common paradigm for the translocation of neurotransmitter and cotransported ions (Jardetzky, 1966) , in which the transporter transitions between open-outward to open-inward orientations to move substrate from outside to inside the cell. Crystallization of the leucine transporter (LeuT), a bacterial SLC6 homolog (Yamashita et al., 2005; Krishnamurthy and Gouaux, 2012) , provided considerable information about the Na 1 symporter structure and translocation mechanisms that further validate the alternate access model. DAT also generates unexpectedly large currents, and evidence exists for a channel mode of conduction (Ingram et al., 2002; Carvelli et al., 2004 Carvelli et al., , 2008 DeFelice and Goswami, 2007) . Elegant molecular modeling comparisons of LeuT to human (h)DAT have identified fundamental transmembrane domains (TM) and amino acid residues involved in ligand binding and the extracellular-to-intracellular translocation of substrate (Zhao et al., 2010 (Zhao et al., , 2012 Shan et al., 2011) . However, the mechanisms regulating the binding of DA and cotransported ions during intracellular-to-extracellular transport are less understood.
The DAT N terminus contains various serine and threonine residues that are important for the regulation of transporter activity (Foster et al., 2002) and AMPH-induced DA efflux (Khoshbouei et al., 2004; Foster et al., 2012) . We investigated the putatively phosphorylated threonine residue within the highly conserved RETW sequence of the DAT N terminus (Vaughan, 2004) for its role in the mechanisms of AMPH. The RETW sequence is juxtaposed to the TM1a segment (Yamashita et al., 2005) , which is within a DAT region identified as the intracellular gating network (Kniazeff et al., 2008) . Conservative (alanine, A) and nonconservative (aspartate, D) mutations were introduced at the Thr62 residue, which also mimic a nonphosphorylated (T62A) and a phosphorylated (T62D) state (Guptaroy et al., 2009) . Compared with wild-type (WT) human (h)DAT, T62D-hDAT human embryonic kidney (HEK) cells demonstrated a reduction in the uptake of [
3 H]DA with a concomitant increase in the rate of basal DA release (Guptaroy et al., 2009 ). Moreover, T62D-hDAT was insensitive to AMPH. These functions were rescued when measured in the presence of zinc, which has been used to correct dysfunctions of other intracellular-favoring hDAT mutants (Loland et al., 2002; Meinild et al., 2004) . The phenotype of T62A-hDAT cells showed greater similarity to WT, with a reduction in both DA influx and AMPH-stimulated DA efflux. Additional studies revealed an enhanced affinity for DAT substrates in the T62-hDAT mutants (Guptaroy et al., 2011) , particularly in the T62D-hDAT HEK cells. Enhanced substrate affinity can occur when the transition of substrate-bound transporter from the intracellular (inward)-to-extracellular (outward) orientation is kinetically favored (Chen et al., 2004a; Guptaroy et al., 2009 Guptaroy et al., , 2011 .
In this study we used the T62D-hDAT to further investigate the influence of transporter orientation on the membrane potential and the requirements of Na 1 in DAT functions. We examined if the elevated basal DA efflux measured in T62D-hDAT HEK cells could be attributed to 1) poor intracellular accumulation of substrate, 2) an intrinsic depolarization of the cell membrane, or 3) a modification in requirement for the Na 1 gradient. These hypotheses were tested using a combination of electrophysiology measurements in Xenopus oocytes and radioligand and fluorescent microscopy techniques in heterologous cells. The results from these experiments strengthened the conclusion that T62D-hDAT partitions in a conformation that represents an inward-favorable "Na 1 -primed" state able to maximize DA efflux.
Materials and Methods
Construction and Expression of WT and Thr62-hDAT Mutants in Xenopus Oocytes. Restriction enzyme sites for 59 NotI and 39 XbaI were added to the flag-tagged WT and Thr62-hDAT mutant DNA constructs (Guptaroy et al., 2009 ) and subcloned into the pSGEM Xenopus oocyte expression vector. After linearization of the plasmid with SbfHI-HF digestion (New England BioLabs Inc., Ipswich, MA), capped RNA (cRNA) was prepared according to protocol with the mMessage mMachine T7 kit (Ambion Inc., Ausin, TX). Xenopus oocyte preparation was described previously (Solis et al., 2012) . Stage IV-V oocytes were microinjected with 25 nl water or 25 ng (1 ng/nl) hDAT cRNA using a Nanoject autoinjector (Drummond Scientific, Broomall, PA Electrophysiology Measurements in Xenopus Oocytes Expressing WT and Thr62 Mutant hDAT. Whole-cell currents or membrane potentials were measured by two-electrode voltage clamp techniques using a GeneClamp 500 (Molecular Devices, Palo Alto, CA). A 16-bit A/D converter (Digidata 1322A; Molecular Devices) interfaced to a PC running Clampex 10 (Molecular Devices) was used to control membrane voltage and acquire data. Microelectrodes were pulled using a programmable puller (Model P-87; Sutter Instrument Company, Novato, CA) to a resistance of 1.0-5.0 MV when filled with 3.0 M KCl electrode solution. Unless otherwise noted, oocytes were voltage clamped at -60 mV. Current was recorded continuously or with a step-voltage protocol. The perfusion solutions were changed by a gravity-driven perfusion system at a rate of 1 ml/min. Oocytes were bathed/perfused in the HEPES-buffered solution ND96 (in mM: 96.0 NaCl, 2.0 KCl, 1.0 MgCl 2 , 1.8 CaCl 2 , and 5.0 HEPES-NaOH, pH 7.5). All experiments were performed at room temperature (22-24°C).
Expression and Maintenance of WT and Thr62 Mutant hDAT HEK Cells. Wild-type-, T62A-, and T62D-mutant hDAT were cloned and stably expressed in HEK-293T cells as previously described (Guptaroy et al., 2009 (Schwartz et al., 2003; Zapata et al., 2007) expressing WT-and Thr62-mutant hDATs. Cells were plated on poly-D-lysine-coated, 35-mm glass bottom MatTek culture dishes (MatTek, Ashland, MA) at a density of 300,000-500,000 cells per dish 1 day prior to imaging. The culture media was aspirated and cells were washed twice in normal Krebs-Ringer HEPES (KRH) buffer, pH 7.4 [in mM: 125 NaCl, 4.8 KCl, 1.2 KH 2 PO 4 , 1.3 CaCl · 2H 2 O, 1.2 MgSO 4 · 7H 2 O, 5.6 glucose, and 25 HEPES] containing 50 mM pargyline (monoamine oxidase inhibitor), 1 mM tropolone (catechol-O-methyl transferase inhibitor), and 50 mM ascorbic acid (DA antioxidant) (Sigma-Aldrich, St. Louis, MO). Cells were incubated at 37°C in 2 ml of 5 mg/ml Hoechst nuclear stain (Molecular Probes) for 30 minutes. Then cells were washed three times quickly and then twice more for 5 minutes, each under light protection with gentle rocking. Plates were mounted on a Nikon A1R (Nikon Instruments, Inc., Melville, NY) confocal microscope with a 60Â 1.4-numerical aperture oil objective. Cell boundaries were confirmed with a differential interference contrast (DIC) image. Images were gathered 1 mm beyond the cell center, determined by the nuclear stain, to increase the accumulation measured within the cytosolic space. A test plate of WT-hDAT HEK cells was used to set the levels for intensity, brightness, and contrast for minimal saturation of the fluorescent signal of each laser channel. These microscope settings were not adjusted during the image acquisition of experiment plates. The Hoechst stain was excited with a UV laser at 405 nm and emission measured between 425 and 475 nm. ASP 1 was excited using the Cy3.5 laser with excitation at 561 nm and emission at 570-620 nm. Images were acquired at room temperature with a time scan every 10 seconds for 3 minutes. ASP 1 (2 mM, 2 ml) was carefully added to the cells after the first 10-second acquisition. The optical density within whole cell regions was quantified using ImageJ software (NIH, Bethesda, MD). Data are expressed as the optical density measured within the cell across time. By the end of image acquisition (3 minutes), the background fluorescence in parental HEK cells was around 60% of the ASP 1 fluorescent signal in HEK cells expressing WT or Thr62 mutant hDATs. ASP 1 Competition of Radiolabeled Dopamine and WIN 35,428. Radioligand competition experiments were similar to assays described previously (Guptaroy et al., 2009 (Guptaroy et al., , 2011 Statistical Analysis. The electrophysiological data were analyzed with Clampfit 10 (Molecular Devices) and Origin 8 (OriginLab, Northampton, MA). Statistical differences were determined by oneway analysis of variance (ANOVA) with Tukey's multiple comparisons test or unpaired t test with Welch's correction using GraphPad Prism 6 software (GraphPad Software, San Diego, CA). Dose-response curves were analyzed with GraphPad Prism 6 software to determine the IC 50 and EC 50 values for [ 3 H]DA uptake competition by nonlinear regression analyses. Statistical differences were compared between constructs by testing whether the null hypothesis of the parameter was the same between all data sets. A rejection of the null hypothesis indicated a statistical difference between the comparisons (P value was below 0.05). Values are provided plus or minus S.E.M. along with the 95% confidence intervals. Statistical differences for ASP 1 accumulation between cell types were determined by two-way ANOVA with Tukey's multiple comparisons test at each time point.
Results

Electrophysiologic Properties of hDAT Mutants.
DAT is an electrogenic transporter, and current through the transporter in excess of the fixed stoichiometry of 1:2:1 for Cl 2 :Na 1 :DA has been detected (Sonders et al., 1997) . Moreover, DAT-mediated DA efflux is greater at depolarized potentials (Khoshbouei et al., 2003) . We posited that the changes in uptake and efflux of DA in the T62-hDAT mutants (Guptaroy et al., 2011) could correspond to altered electrophysiological properties. Therefore, we conducted electrophysiological studies of the hDAT and T62-hDAT mutants to supplement or disprove this hypothesis. The cRNAs for the mutants were transfected into Xenopus oocytes because transporter-mediated currents are large in these cells and much easier to measure than in cultured cells.
Xenopus oocytes were injected with equal amounts of hDAT cRNA for the three constructs. The DAT expression was confirmed by [ 3 H]DA uptake assays in five individual oocytes. DA uptake in hDAT-expressing oocytes was approximately 40% greater than in control water-injected oocytes 4 days after cRNA injections (data not shown). The resting membrane potentials (RMP) were measured in oocytes expressing the transporters and are summarized in Fig. 1 . The RMP in control oocytes was approximately -40 mV (-41.5 6 2.6 mV). Expression of WT, T62A, or T62D hDAT caused significant depolarization of the RMP to approximately -25 mV (WThDAT, -25.3 61.5 mV; T62A-hDAT, -27.0 61.4 mV; and T62D-hDAT, -24.3 6 1.1 mV), which was statistically different from the RMP in control oocytes (control versus WT and T62D, P , 0.0001; control versus T62A, P 5 0.0014). However, the level of depolarization induced by T62A-or T62D-hDAT expression in the oocytes was not different from that of WT-hDAT oocytes. The well characterized leak current present in DAT in the absence of substrate (Sonders et al., 1997) probably accounts for the depolarization of the oocyte. Therefore, the baseline current passing through the transporter in the absence of substrate is not affected by the Thr62 mutations.
DAT substrates such as DA and AMPH induce inward currents that are primarily attributed to an inward flux of Na 1 ions (Sonders et al., 1997) . The substrate-induced currents in oocytes expressing WT-, T62A-, and T62D-hDAT were recorded with a holding potential of -60 mV. Representative trace recordings from oocytes are shown in Fig. 2A and the changes in accumulated current in WT-, T62A-, and T62D-hDAT oocytes held at -60 mV are shown in Fig. 2B . Currents were measured after the application of 10 mM DA for 1 minute. DA produced inward currents in oocytes expressing WT-hDAT and T62A-hDAT that were absent in control oocytes lacking the transporter. The fast phase of the inward current lasted less than 10 seconds followed by a slow recovery phase. The change in current before and after DA application was -6.60 6 1.53 nA in WThDAT, -3.85 6 0.38 nA in T62A-hDAT, and -0.34 6 0.30 in T62D-hDAT. Negligible current was measured in response to DA in the T62D-hDAT oocytes. These results correspond with our previous reports of a substantial reduction in the V max for [ 3 H]DA uptake in T62A-hDAT HEK293 cells compared with WT-hDAT HEK293 cells (Guptaroy et al., 2009) . Similar results were recorded with the application of AMPH (data not shown). Membrane conductance was next measured with a step-voltage protocol and the current difference is plotted in Fig. 3 . Whereas membrane conductance was observed with DA application to WT-and T62A-hDAT oocytes (Fig. 2 , A and C), the currentvoltage curves confirmed there was no change in conductance with the application of DA (Fig. 3C ) or AMPH (data not shown) in T62D-hDAT oocytes. T62D-hDAT is expressed at the oocyte plasma membrane, since [ 3 H]DA uptake experiments from different oocytes confirmed expression and function of T62D-hDAT. Zinc has been used to improve transport in T62D-hDAT HEK293 cells (Guptaroy et al., 2009 (Guptaroy et al., , 2011 and other uptake-defective DAT mutant transporters (Loland et al., 2002; Chen et al., 2004a) . Binding of zinc stabilizes a conformation of DAT that increases chloride conductance (Loland et al., 2002; Meinild et al., 2004) . The use of zinc was employed to further validate the function of T62D-hDAT-expressing oocytes. Coapplication of DA and 2 mM ZnCl 2 after treatment of DA alone in the same T62D-hDAT oocyte produced a measurable substrate-induced current ( Fig.  2A) . Although Zn 21 per se induced small inward currents in each transcript, as seen in Figs. 2B and 3, it significantly potentiated the DA-induced inward current measured at -60 mV in the hDAT oocytes (comparison of values, DA 6 zinc: WThDAT, P 5 0.02; T62A-hDAT, P , 0.0001; and T62D-hDAT, P 5 0.0003). These data not only provided functional evidence for the membrane expression of T62D-hDAT but demonstrated that the defective gating of the T62D-hDAT mutant could be partially rescued by zinc. As the holding potential became higher than the reversal potential, outward currents in all the hDAT constructs were similar with the application of zinc alone or in combination with DA. Outward currents at depolarizing potentials were not observed without application of zinc (Fig. 3) .
Affinity and Accumulation of the Fluorescent Substrate ASP 1 in WT-and Thr-hDAT Mutant HEK Cells. In previous studies (Guptaroy et al., 2009) (Guptaroy et al., 2009 ). To test this explanation, we conducted uptake experiments with the three constructs expressed in HEK cells using the fluorescent monoamine transporter substrate ASP 1 . ASP 1 is structurally similar to the dopaminergic neurotoxin MPP 1 (1-methyl-4-phenylpyridinium). ASP 1 is taken up normally through the transporters, but because of intracellular binding to mitochondria, it is not available for efflux (Schwartz et al., 2003) .
Uptake and binding of the ASP 1 substrate to the WT-and Thr62-mutant hDAT HEK constructs were confirmed with radioligand competition assays. Fig. 2 . Dopamine-induced inward currents in T62D-hDAT oocytes are partially rescued by zinc. (A) Representative continuous traces of currents measured in oocytes clamped at -60 mV are shown. Inward currents are observed in WTand T62A-hDAT oocytes after application of 10 mM DA. Coapplication of 2 mM ZnCl 2 partially restored a measurable inward current in T62D-hDAT oocytes. (B) Change in accumulated current (D current = DA current -baseline current) in WT-, T62A-, and T62D-hDAT oocytes held at -60 mV. The data are expressed as the average 6 S.E.M with numbers of oocytes for each condition given. Unpaired t test with Welch's correction for DA 6 zinc application shows a significant increase in the DA-induced currents in WT-(*P , 0.05), T62A-(***P , 0.001), and T62D-hDAT (***P , 0.001)-expressing oocytes. Zinc did not affect the DA current measurement in control oocytes. Ctl, control.
WT-, 18.6 (10.6-29.2) in T62A-, and 12.1 (10.3-14.1) in T62D-hDAT HEK cells (Fig. 4B) .
Using fluorescence microscopy, we measured uptake of ASP 1 (Fig. 5 ). There was a low level of background fluorescence prior to the addition of ASP 1 which did not differ among cell types. However, the fluorescence intensity increased with time after cells containing the DAT constructs were exposed to 2 mM of ASP To demonstrate that the results with uptake of ASP 1 were attributable to the T62D mutation and not the substrate itself, we performed uptake and efflux experiments with [ 1 is structurally similar to ASP 1 but is readily subject to reverse transport through DAT. Results are highly similar to those using [ Differential Sodium Requirements for DA Uptake Versus Efflux in T62D-hDAT Mutants. Given our findings of identical intracellular ASP 1 retention among the DAT constructs despite differences in substrate-induced membrane conductance, we next explored the effect of Na 1 on the function of T62D-hDAT compared with the other constructs. To determine whether the Thr62 mutations would alter the Na 1 requirements for hDAT function, we measured [ 3 H]DA uptake and efflux in WT-, T62A-, and T62D-hDAT HEK cells while varying the extracellular concentrations of Na 1 [Na 1 e ]. NaCl was replaced with NMDG-Cl to maintain osmolarity of Fig. 3 . Current-voltage relationships in hDAT-expressing Xenopus oocytes. A step-voltage clamp protocol was used from -150 to 30 mV at a holding potential of -60 mV and with 10-mV step increments for a 30-second duration at each step. Oocytes were challenged with 10 mM DA 6 2 mM ZnCl 2 . The current is displayed as the difference from baseline measured in the absence of substrate (DI). At hyperpolarizing potentials, DA (j) induces an inward current in (A) WT-and (B) T62A-hDAT oocytes. Coapplication with zinc (u) potentiates DA-induced inward currents. (C) In T62D-hDAT oocytes, DA inward currents are only measurable in the presence of zinc. Application of zinc alone (s) produced a small current in all constructs. Each currentvoltage plot was generated from four to six oocytes expressing the indicated hDAT construct. Fig. 4 (Fig. 6) .
Outward transport through DAT demonstrates an inverse dependence on Na 1 e compared with inward transport. Removal or lowering of extracellular Na 1 stimulates substrate efflux in cells expressing monoamine transporters (Pifl et al., 1997; Pifl and Singer, 1999) or brain tissue preparations (Liang and Rutledge, 1982; Raiteri et al., 1979) by shifting the internal Na 1 gradient to favor reversal of the transporter. Previously we reported that T62D-hDAT had an elevated basal leak of [ 3 H]DA, which exceeded that of WT at physiologic levels of Na 1 e (Guptaroy et al., 2009) . Here, the behavior of the basal and AMPH-stimulated efflux as a function of Na 1 e was examined. WT-hDAT HEK cells showed the expected elevation in basal [
3 H]DA efflux upon removal of Na 1 e , and the elevation was maintained throughout the 15-minute incubation period (Fig. 7A, open bars) . The baseline efflux significantly decreases as [Na 1 e ] progresses from 0 to 10, 50, and 125 mM (Fig. 7A , clear, checkered, gray, and black bars; see figure legend for statistics for varied Na 1 e at individual time points). This same pattern recurred at the 10-minute and 15-minute time points (Fig. 7A , checkered, gray, and black bars). In a two-way ANOVA, there was a main effect of time [P , 0.01, F (3, 56) [P 5 0.08, F (3, 56) 5 3.24]. Significant stimulation of efflux by 10 mM AMPH above the corresponding baseline is only evident at 50 mM Na 1 e (P , 0.05, post hoc Tukey's) and 125 mM Na 1 e (P , 0.0001, post hoc Tukey's) (Fig. 7A, 20  minutes) . On the contrary, at 0 mM Na 1 e , 10 mM AMPH The pattern was similar but less pronounced in T62A-hDAT HEK cells even though the degree of [ 3 H]DA efflux was slightly lower than in WT (Fig. 7B) . By two-way ANOVA, there was a significant effect of time [P , 0.01, (F (3, 46) There was a tendency for AMPH to decrease [ 3 H]DA efflux at 0 mM Na 1 e as compared with the 15-minute baseline efflux at 0 mM Na 1 e ; however, the difference was not statistically significant.
In T62D-hDAT HEK cells (Fig. 7C) , a run-down in [ 3 H]DA efflux was visible as time progressed, but it was independent of Na 1 e . There was a significant effect of time by two-way ANOVA [P , 0.0001, F (3, 51) e ] in the T62D-hDAT mutant (Fig.  7C) . All values at the 20-minute time point where AMPH was present were significantly different from values for 0 mM Na 1 e at 5 minutes and 10 minutes (P , 0.05 for both time points), but not 15 minutes, when all possible comparisons were made. To better visualize the similarities or differences between T62D-and WT-hDAT, data for only these two constructs at 0 mM and 125 mM Na 1 e were graphed (Fig. 7D) . In a general linear model three-way ANOVA, there was a significant effect of time versus cell type (F 5 10.277, df 5 3, P 5 0.0001), a significant time versus sodium interaction (F 5 14.951, df 5 3, P 5 0.0001), and a significant time versus cell type versus sodium interaction (F 510.190 , df 5 3, P 5 0.0001). There was no significant cell type versus sodium interaction (P 5 0.5). At the initial 5-minute time point, [
3 H]DA efflux in WT-hDAT was significantly elevated at 0 mM Na 
baseline [
3 H]DA efflux in T62D-hDAT at both 0 and 125 mM Na 1 e began to decline within the first 10 minutes and the decrease was statistically significant at 15 minutes (see statistical values in legend for Fig. 7D ). This decline continued even during the 5-minute incubation with 10 mM AMPH (20-minute point). The baseline efflux of [ 3 H]DA at 5 minutes in WT-hDAT at 0 mM Na 1 e was not statistically different from that elicited by 5 minutes of AMPH at 125 mm Na 1 e or the initial 5-minute Na 1 e -independent efflux observed in T62D-hDAT. From all the aforementioned interactions, we reasoned that the T62D-hDAT mutation produces a Na 1 -primed state of the transporter that readily releases DA.
[ 
Discussion
This study provides evidence of differential regulation of DA uptake versus efflux functions in T62D-hDAT mutant; the disparity is accounted for by altered Na 1 regulation. A number of DAT mutants with restricted substrate influx have been identified, but few have been characterized for both forward and reverse transport. The DAT-Thr62 mutations are poised to provide key information concerning transporter conformational transitions. Despite striking differences in uptake and efflux behaviors for [ 3 H]DA, we found T62D-hDAT exhibited some characteristics identical to WT and to T62A-hDAT: membrane depolarization when expressed in Xenopus oocytes, uptake of the substrate ASP 1 when efflux was not a factor, and Na 1 concentration dependence of DA uptake. Despite its predilection to leak DA, T62D-hDAT assumes a conformation that confers normal uptake function and extracellular Na 1 binding. Whereas WT transporter requires Na 1 to reverse and expel DA, T62D-hDAT does not. T62D-hDAT appears to mimic a substrate-and Na 1 -elicited conformation that normally permits reverse transport. The dual demonstration of normal DA uptake but constitutive efflux suggests T62D-hDAT is not fixed in position. Instead, T62D-hDAT may rapidly transition among the conformations for influx and efflux in sodium-dependent and -independent fashions, respectively.
Networks of molecular interactions drive substrate movement and transporter conformations. Thr62 is within a prime location to affect transporter orientation because of its proximity to TM1a, which forms part of the permeation pathway (Yamashita et al., 2005; Shan et al., 2011) . TM1a is within an intracellular gating network (Kniazeff et al., 2008 ) that regulates DAT conformational transitions (Shan et al., 2011) . Several DAT mutants, including T62D-hDAT, demonstrate particularly low DA inward transport. D345N-hDAT and Y335A-hDAT (Loland et al., 2002; Chen et al., 2004a) have been referred to as "inward-facing," meaning the transporter prefers a conformation in which the intracellular-facing gate is more accessible than the extracellular-facing gate. Intracellular interactions of these mutants have been characterized, lending credence to the inward-facing designation (Loland et al., 2004) . We apply a similar description for the T62D-hDAT mutant (Guptaroy et al., 2009) . Our study demonstrates that conformational transitions of the mutant are more complex than a simple inward-and outward-facing delineation.
The fluorescent substrate ASP 1 permitted interrogation of whether the Thr62-hDAT mutations truly disrupt the influx of substrate and, by inference, its intracellular retention. ASP 1 is well characterized as a substrate for both DAT and norepinephrine transporter (Schwartz et al., 2003) . Once inside cells, ASP 1 is sequestered within mitochondria (Schwartz et al., 2003) and, as a noncatechol substrate, will not bind to the cytoplasmic side of the transporter to undergo outward transport (Liang et al., 2009) . Identical ASP 1 accumulation in T62D-and WT-hDAT points to normal (outward-to-inward) translocation in T62D-hDAT. Therefore, the extremely low V max of [ 3 H]DA in T62D-hDAT cells (Guptaroy et al., 2009 ) was attributable to continuous intracellular rebinding of [ 3 H]DA and its outward transport. This distinguishes T62D-hDAT from other DAT mutants characterized as inward facing (Loland et al., 2002; Chen et al., 2004a) . The data also demonstrate T62A-hDAT takes up substrate identically to WT despite its V max for DA uptake being about one-half of WT-hDAT (Guptaroy et al., 2009 ). Both influx and efflux functions of T62A-hDAT are compromised, but to a lower extent than T62D-hDAT (Guptaroy et al., 2009 ). The T62D-hDAT mutant shares similar characteristics to A559V-hDAT, a variant isolated from two male siblings with attention deficit-hyperactivity disorder (Mazei-Robison et al., 2008) and T356M-hDAT, a de novo mutation associated with autism spectrum disorder (Hamilton et al., 2013) . Like T62D-, A559V-, and T356M-hDAT exhibit elevated baseline leak of DA and inhibition of outward efflux by AMPH (Mazei-Robison et al., 2008; Hamilton et al., 2013) . The diminution of DA efflux by DA in WT-hDAT under low Na 1 e conditions, as observed in our study, was also noted by Pifl and Singer (1999) .
Measurement of DAT currents indicate greater quantities of ions travel across the membrane than predicted (Sonders et al., 1997) by the stoichiometric ratio of 1:2:1 DA:Na 1 :Cl - (Rudnick, 1998) . This implies a channel function of the transporter along with a substrate transport process. The similar depolarization exhibited in our DAT construct-expressing oocytes is probably the result of a common, substrateindependent leak current (Sonders et al., 1997) . Conversely, profound differences in current conductance in Xenopus oocytes expressing WT-and T62D-hDAT were found when measured with substrate. No net current was detected in response to either DA or AMPH in T62D-hDAT oocytes. Absence of ion movement through T62D-hDAT is unlikely because the mutant exhibits normal Na 1 -dependent substrate uptake. A net ion flux was restored in T62D-hDAT by the addition of Zn 21 . Zinc rescues influx in DAT mutants presenting drastically reduced DA uptake, such as Y335A-hDAT (Meinild et al., 2004) or D345N-hDAT (Chen et al., 2004a) , and T62D-hDAT (Guptaroy et al., 2009 partly restored AMPH-induced DA efflux in T62D-hDAT-HEK cells (Guptaroy et al., 2009 ) but not in D345N-hDAT-HEK cells (Chen et al., 2004a) . Na 1 is a key determinant for the function of cotransporters. The electrophysiological phenotypes of WT-and T62D-hDAT oocytes in the presence and absence of substrate suggested the T62D mutation may affect Na 1 transport requirements. The interpretation that Thr62 mutations were primarily affecting transitions in the efflux pathway was strengthened by finding that the sodium requirement for DA influx was identical among the three DAT constructs. Reduction of the transmembrane Na 1 electrochemical gradient by either increasing intracellular Na 1 or reducing extracellular Na 1 inhibits neurotransmitter uptake but simultaneously promotes reverse transport (Raiteri et al., 1979; Liang and Rutledge, 1982; Khoshbouei et al., 2003; Zhen et al., 2005; Erreger et al., 2008) because of the build-up of Na 1 at the cytosolic face of the transporter (Raiteri et al., 1979; Liang and Rutledge, 1982) . Khoshbouei et al. (2003) directly demonstrated this and proposed that AMPH-induced inward current increases intracellular Na 1 availability to DAT. T62D-hDAT, however, was insensitive to changes in the Na 1 electrochemical gradient such that reverse transport required no change in Na 1 e . This hints at the T62D-hDAT conformation existing in a Na 1 -receptive orientation. Single-molecule fluorescence resonance energy transfer imaging of the Na 1 -symporter DAT homolog LeuT at TM1a revealed two distinguishable states of the transporter in the absence of Na 1 , consistent with two distinct conformations of the intracellular gate (Zhao et al., 2010 (Zhao et al., , 2011 . Addition of Na 1 or substrate decreased the transition frequency leading to preferential stabilization of an inward-closed state. Previous in silico modeling of T62D-hDAT in comparison with WThDAT indicated a disruption of a functionally important microenvironment, involving binding of T62 to other residues at the intracellular side (Guptaroy et al., 2009 ) and within an intracellular gating network (Kniazeff et al., 2008) . Therefore, the T62D mutation can sustain multiple conformations of DAT, or lead to rapid interconversions of these conformations, with respect to the status of the inward-facing gate near TM1a. One conformation would permit normal Na 1 binding and influx whereas another orientation mimics the intracellular Na 1 -primed state normally achieved as a result of AMPH action. We previously demonstrated that the K m for [ 3 H]DA at the intracellular side of T62D-hDAT is significantly less than that of WT (Guptaroy et al., 2009 ). The Na 1 -primed conformation of DAT readily rebinds DA, and it is unlikely that empty transporter returns to the surface. Thus, one of the conformations adopted by T62D-hDAT represents a Na 1 -primed state that favors reverse transport.
The Na 1 -sensitivity of other DAT mutants has not been routinely measured. The A559V-hDAT variant demonstrated an enhanced sensitivity but remained responsive to intracellular Na 1 (Mazei-Robison et al., 2008) . T62D-hDAT was unresponsive to partial, indirect changes in the transmembrane Na 1 gradient via extracellular Na 1 substitution. Nonetheless, the similarities underscore the importance of the sodium gradient in maintaining conformational states of DAT.
This study revealed novel attributes of hDAT Thr62 mutations, particularly in mutation of Thr62 to aspartate. This mutation makes evident that DAT exists in conformations that exhibit normal substrate uptake with unregulated efflux. T62A-hDAT is a less severe mutation, showing reduced sensitivity to AMPH but not the overtly unregulated efflux attained by T62D-hDAT. T62D-hDAT binds Na 1 and transports DA inward normally but has lost the capacity for intracellular Na 1 to stimulate shifts in transporter orientation. Taken together, our data place importance on the molecular interactions between residues involving Na 1 differentially influencing the efflux properties of the transporter. The T62D-hDAT and other transporter mutants can serve as informational experimental models for changes that occur to the transporter after exposure to AMPH.
